We have recently commissioned the 2 nd generation redshift(z) and Early Universe Spectrometer (ZEUS-2) at the Caltech Submillimeter Observatory. ZEUS-2 is a long-slit grating spectrometer (R~1000) for observations in the submillimeter wavelength regime that is optimized for observations of redshifted far-infrared spectral lines from galaxies in the early universe. Here we report on the design and first light performance of the first TES bolometer array installed in ZEUS-2. This array features 280 pixels each 1.26 mm square and arranged to provide ~35 pixel spectra at ~8 spatial positions on the sky. A 1/4-wavelength back short of 100 micron and gold mesh absorber matching the impedance of free space provides near 90% quantum efficiency for the 350 and 450 micron telluric windows. Array readout is done using SQUID multiplexers and the Multichannel Electronics. We will also report on the progress to install two additional arrays tuned to provide similar performance across the remaining telluric windows between 200-850 microns.
Design and first-light performance of TES bolometer arrays for submillimeter spectroscopy with ZEUS-2

INTRODUCTION
ZEUS-2, is designed to study the star formation history of the Universe from early times until the present epoch continuing the work begun with its predecessor, ZEUS. 1 ZEUS-2 is optimized for the detection of faint, broad submillimeter and redshifted far-IR (FIR) lines such as the ground state fine-structure lines from C 0 , C + , O 0 , and the mid-J rotational lines from CO. These lines are important coolants, in some case the dominate coolant, of major phases of the ISM. They are among the brightest lines from a galaxy. By comparing their relative strengths knowledge of both the excitation source and the physical characteristics (i.e. temperature, density) of the gas can be deduced.
Previous Work
Observations with ZEUS on CSO have produced the first extragalactic detection of the 13 CO(6 -5) line 2 , the first detection of the [OIII] 88 micron line 3 and [NII] 122 micron line 4 at redshift greater than 0.05, and the first detection of the 158 micron line 5 of [CII] from between z = 1 -2. In total ZEUS has made 25 detections of the [CII] 158 micron line in a z = 1 -2 galaxy survey (12 are described in Stacey et al. 2010 6 ). A mid-J CO survey of local infrared bright (IRB) and ultra-luminous IR galaxies (ULIRG) has also been performed to probe the nature of the activity in nearby galaxies 7, 8 
Science Goals
ZEUS-2 will continue and build upon this important and ground breaking work of understanding star formation across cosmic time by working towards three scientific goals , provides a detailed description of the ZEUS-2 science program 9 ):
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1. Investigate star formation in the early Universe by detecting redshifted far-IR fine-structure lines from distant (z > 0.25 -5, see Figure 2 ) galaxies. ZEUS-2 is capable of detecting the 158 micron [CII] line from hundreds of SCUBA and Spitzer sources, thousands of sources being identified in Herschel fields, and any high redshift ULIRG detected by the WISE survey. The [CII] line traces the physical extent of a starburst as well as its intensity thereby making the study of the [CII] line in the early universe critical for understanding the star formation history of the Universe.
2. Measure redshifts of optically obscured distant sources using the [CII] 158 micron line. While there is a wealth of sources detectable with ZEUS-2 that already have spectroscopic redshifts, several current missions (e.g. Herschel and WISE) will produce source catalogs containing many infrared bright galaxies with only photometric redshifts. These sources, in addition to many sources from SCUBA and IRAS catalogs lacking spectroscopic redshifts, are prime targets for ZEUS-2 as they are likely enshrouded by dust making optical spectroscopic follow-up difficult if not impossible. ZEUS-2 is uniquely suited for this task due to its large instantaneous bandwidth (~5% of a band) and large redshift range accessible across its seven bands.
3. Investigate star formation and molecular gas excitation in nearby galaxies by simultaneously mapping CO(7-6), 13 CO(6-5), [CI] 370 and 609 micron, and [NII] lines to produce maps of the physical conditions of major components of the ISM. These maps will allow us to study how galaxy dynamics (i.e. density waves, resonances, etc.) interact with the ISM and stimulate star formation. Additional high-J CO and 13 CO observations will distinguish between cosmic rays, turbulence, and/or X-rays as the dominate source of heating of molecular clouds in ULIRGS.
Instrument Design
To achieve these goals, ZEUS-2 takes the optical design of ZEUS (see Figure 1 ) and marries it to several technological advances that push its capabilities significantly further. Namely, ZEUS-2 utilizes a pulse-tube refrigerator and adiabatic demagnetization refrigerator (ADR), and therefore requires no liquid cryogens, significantly reducing its operating costs and allowing the instrument to be used at sites with better atmospheric properties (see Parshley et al 2012, SPIE 8452-63, for a detailed description of the optical, mechanical, and thermal systems 10 ). ZEUS-2 also features three state-of-the-art TES sensed bolometer arrays with tuned back-shorts allowing for ~90% quantum efficiencies across 7 telluric windows from 200 to 850 microns (see Figure 2) . The arrays allow for observations between 5 and 10 spatial positions on the sky and the simultaneous detection of five important submillimeter lines from extended sources or two lines from z = 1 -2 and 2.70 -3 galaxies (see Figure 3 ). These key improvements make ZEUS-2 more sensitive than its predecessor by factors of 1.35 and 1.6 at 350 and 450 microns respectively (ZEUS-2's primary bands), increase the accessible redshifts by more than a factor of 2, and produce a 10x improvement in mapping speed. Compared to other submillimeter spectrometers, ZEUS-2 is the most sensitive submillimeter spectrometer. In its primary bands ZEUS-2 is 3 to 5 times more sensitive than the best heterodyne receivers and 10 times more sensitive than the Herschel spectrometers. 11 Open symbols correct this data for dust extinction. 12 The 2 curves with error envelopes are models based on the SCUBA data. The transparent bars mark redshift ranges accessible in the 158 µm [CII] line to ZEUS-2. 
Array Design
The ZEUS-2 arrays are transition-edge-sensed bolometers from Kent Irwin's groups at NIST Boulder. The arrays are manufactured on two silicon wafers with arrays 2 and 3 sharing one wafer. The usable field-of-view (FoV) is ~26 mm (spatial) x 57 mm (spectral) due to considerations of image quality. This usable FoV is split roughly equally between Array 1 and Array 2/3. The pixel sizes are 1.26, 1.06, and 2.06 mm square for Array 1, 2, and 3 respectively. For Array 1 and 2 there is a 0.14 mm structural/optical gap between each pixel (0.2mm for Array 3). Given that the final f/# = 2.75, this corresponds to 1.15 λ/D pixels at 400 µm for Array 1. The array 2 pixels, however, are slightly oversized (1.8 λ/D) to compensate for point source flux that would be lost with diffraction limited pixels on the Atacama Pathfinder Experiment (APEX) at 215 µm due to surface roughness (18 µm rms), and the challenges of pointing with a 4.4" diffraction limited beam at 215 µm. The nominal format (spatial x spectral) of Array 1, 2, and 3 are 9 × 40, 10 × 24, and 5 × 12 pixels respectively. The actual array designs have the corner pixels cut-out (as can be seen in Fig. 8 ) so that the total pixel count is 555. These cut-outs provide space for handling the arrays as well as improved structural stability. Little science is lost by eliminating these pixels because poor image quality in these areas would have limited performance. Also, the spatial field is angled with respect to the spectral field and the cut-outs follow this angle.
To achieve a high detective quantum efficiency (DQE) all of the arrays feature a tuned backshort and palladium-gold mesh absorber. A high DQE is desirable because it improves the background limited noise equivalent power (NEP), and makes it easier to achieve background limited performance. The use of the mesh absorber is important as it allows for a high absorptive efficiency while adding very little to the heat capacity of the pixel. This is important if one wants to reach a low NEP while still maintaining a reasonable detector time-constant (< 10 msec). Modeling predicts that all arrays will operate with high quantum efficiency.
400 µm Array Design (Array 1)
Array 1 is tuned to 400 µm (λ/4) resonance and will operate with better than 90% DQE in both the 350 and 450 µm bands. Modeling of the absorber at NIST Boulder has provided straight forward mesh designs for Array 1 as seen in Figure  4 . As the 350 and 450 µm bands are ZEUS-2's primary bands, we have focused on implementing the 400 µm array first. We have successfully tested in the lab and at the CSO an engineering grade array that had a pixel yield of ~50 percent (see Section 5) . Science grade arrays with expected pixel yields >90% have been received at Cornell and we are currently integrating them into the instrument
215/645 µm Array Design (Array 2/3)
Array 2/3 is tuned to a 645 µm (λ/4) resonance. We expect that array 2 will see DQE > 90% in the 215 µm window (3λ/4 resonance), and Array 3 will see equally good DQE at the 645 µm windows (λ/4), but at 850 µm a DQE of ~78% is expected. While modeling of the absorber at NIST Boulder has provided straight forward mesh designs for the longer wavelength arrays The 215 µm required a more complex design. The final design features a mesh with 2 µm lines on a 42 µm pitch made of 12 Ω/square PdAu film giving an effective sheet impedance of 264 Ω/square-close to the ideal impedance of free space, 377 Ω/square. By adding a capacitively coupled square ring to each hole in the mesh, the sheet impedance better matches free space as well as removes parasitic reactance resulting in devices with less than 3.2% reflection losses ( Figure 5 ). Production of the first engineering grade versions of Array 2/3 will begin soon. A full science grade Array 2/3 will be installed early this fall. 
Detector Package Design
Developing a detector package that meets ZEUS-2's space limitations but at the same time fulfills the electronics requirements proved to be quite challenging. An initial design called for all 20 MUX chips, 20 interface chips (for interfacing the TES with the MUX chips and providing the shunt resisters for TES voltage biasing), and all three arrays on one 6" silicon wafer. A silicon wafer was chosen so that superconducting niobium traces could be patterned on the wafer to provide a superconducting interconnect between the arrays and the interface/MUX chips. Unfortunately there is not enough real-estate on a 6" wafer to fit all the necessary components and still leave room for traces and interfacing with cabling.
A novel solution presented itself however; separate the arrays and mount Array 1 and Array 2/3 on separate halves of the detector, with Array 1 and Array 2/3 being respectively back and front illuminated. This creates a front and back focal plan that are then sandwiched together as in show in Figure 7 . This design has the added benefit of enabling ZEUS-2 to be easily operated with only one array installed or with two of the same type. With two of Array 1installed, ZEUS-2 could observe ~20 spatial positions on the sky in the 350 and 450 µm bands. The arrays can also be easily swapped in and out for troubleshooting and upgrading of the bolometers. Even with the detector sandwich design, space was still tight; as such the detector package is designed to fully utilize the available space envelope, resulting in a very irregular shaped package as can be seen in Figure 6 .
Engineering Package
Because the 400 µm engineering-grade array featured relatively low pixel-yield, the detector package was populated with only a limited set of readout electronics. Namely, three MUX and three interface chips were used to read out a total of 84 pixels (see Figure 6 ). Electrical connections The open engineering-grade detector package; The fully assembled detector package before being enclosed in magnetic shielding; The detector and backshort through package entrance window; Entrance window covered with order-selecting bandpass filters; Al wirebonds between PCB, MUX chip, and interface chip to the MUX chips were provided by a standard multi-layer PCB. The TES to interface chip connection was also provided by the PCB, but the traces were limited to the top surface and were lead-tinned so that the connection would be superconducting. The TES to PCB and MUX to PCB connections were made with Al wirebonds. Connections were made to the detector package and cable harness with twisted-pair wires soldered directly to the PCB and running to MDM connectors that in turn connect to the cable harness.
Science Package
The science-grade detector package, as show in Figure 7 , will utilize the same copper box as the engineering package; however the internal electronics will be different. Each half of the package will house a PCB board for connection to ten MUX and interface chips, and a silicon fan-out board that provides a superconducting connection between the array and the interface chips. The array, with gold-coated back short, is mounted to the copper box with spring clips. A gold coated silicon frame between the array and box ensures that the array does not experience excessive thermal stress.
MAGNETIC SHIELDING
Because of SQUID sensitivity to magnetic fields, adequate magnetic shielding is a priority. ZEUS-2 features a highpermeability shield (Amumetal -Amuneal Mfg. Co.) just inside the vacuum shell to shield against fields sourced externally. Inside the dewar the ADR is designed with several shields that significantly attenuate the field when the ADR magnet is in operation. However, additional shielding is needed for the SQUIDs to remain functional. All SQUIDs, including the entire detector package, are housed in a A4K (Amuneal Mfg. Co.) shell surrounded by a superconducting niobium shell. This combination creates a zero field cavity around the SQUIDs once the niobium reaches it transition temperature of 7K, and as long as the magnetic field remains below 2000 Gauss (see Figure 8 ). Finite-Element-Analysis of the shielding predicted excellent performance. Operation and tests of the ZEUS-2 SQUID system confirmed these predictions.
DETECTOR READOUT ELECTRONICS
Milli-Kelvin Electronics
ZEUS-2 utilizes the three stage time domain SQUID multiplexed readout system developed at NIST Boulder. 13 Each TES bolometer is coupled to one of the inputs on a 32-row SQUID multiplexor (20 MUX chips will be used in total). The multiplexors are housed in the detector package and their 1 st stage SQUIDS (SQ1) are coupled to the 3 rd stage SQUID series arrays (SQ3) by a 2 nd stage SQUID (SQ2).
3-Kelvin Electronics
The detector package is connected to 3-Kelvin electronics via copper-clad NbTi twisted pair Tekdata cables. The SQ2 to SQ3 interconnect uses two twisted pairs for each column to ensure that the inductance of that connection does not get too high and limit the multiplexing rate. The 3K-PCB houses the SQUID Series Arrays which amplify the detector signals by a factor of 100 before passing them over twisted-pair copper wires in four Tekdata cables to 100-pin MDM connectors mounted on the dewar shell.
Multi-Channel Electronics (MCE) and Instrument Control Software
Because of the SQUID sinusoidal response to a linearly changing input signal, an active feedback scheme must be used to ensure the SQUIDs are operating in their linear regime. ZEUS-2 uses the Multi-Channel Electronics (MCE) developed for SCUBA-2 by Mark Halpern's group at the University of British Columbia (UBC) to provide the active feedback. 14 The MCE also provides the SQUID bias to power each stage of SQUIDS, the passive feedback for the SQ2 and SQ3, row addressing, pixel heater biases, and the TES biases. The MCE reads the TES response by using a PI control loop to servo the SQ1 feedback, canceling any change in the output of the TES and keeping the SQ3 output constant. It is the SQ1 feedback that is then the TES response and indicates the power incidence on the bolometer. The MCE is mounted directly the ZEUS-2 dewar (see Figure 9 ) and mates to the four 100-pin MDM connectors on the dewar shell.
The MCE is controlled via a fiber connection by a computer running Linux. UBC provides an extensive suite of low level tools for running the MCE. We have incorporated these tools into a GUI program for easy operation at the telescope. The program also communicates with the telescope systems for obtaining information like the atmospheric transmission and to control the chopping and nodding. Since we observe in chopping mode, we perform a synchronous detection of the time series data using a reference signal from the secondary mirror that is sampled using the "Data_Valid" fiber connector of the MCE clock-card and custom clock-card firmware. When observing science sources we readout the detector at 400 Hz and take 16000 samples (40 seconds) for each plus or minus beam on the sky. A complete integration includes 32 beams, for a total of ~21 minutes. 
PERFORMANCE AND FIRST LIGHT
In Lab Performance
Several cool downs were performed to characterize the performance of the engineering-grade 400 µm array. IV curves of the bolometers were taken with the array un-illuminated to determine the saturation power, thermal conductance, and transition temperature of the array. The transition temperature is ~160 mK and thermal conductance ~60 pW/K. At the operating temperature of ~100 mK the saturation power was > than 2 pW, greater than twice that required to ensure that the bolometers do not saturate due to sky emission. In fact, the array is fully functional, with reasonable overhead, up to a bath temperature of 120mK. This fact is important as operating the system at a high temperature can result in a significantly longer hold time for the ADR.
Optical tests of the array were also successful. Measurements were made of a chopped liquid-nitrogen cold-load as well as a chopped 80-Celsius heater. The optical response to each was good. The noise, however, was higher than expecteda factor of 3-4 above the background limit. This higher noise is not an intrinsic part of the array, but is being injected into the detector though our house-keeping system. We are currently implementing solutions (i.e. changing the house keeping cabling) and fully expect to be background limited with the science grade array. Lastly a lab spectrum ( Figure  10 ) was obtained by observing the chopped heater through a CO gas cell. 
First Light Observing Run
Using the engineering-grade array, ZEUS-2 went on its inaugural observing run to the CSO in April 2012 (see Figure  11 ). The weather was idea for submillimeter weather (τ 225 GHz ~ 0.05 or less). The instrument performed well on the telescope and in addition to the galactic sources we observed to characterize the instrument performance, we were able to observe ~15 different hig-redshift sources. We are currently reducing the characterization and science data to fully understand the instrument performance. 
Sensitivity
Here we describe the expected sensitivity of ZEUS-2. Based on models, lab tests, and first light performance we expect ZEUS-2 to be fully background limited once we have eliminated the excess noise do to the housekeeping system. The noise equivalent power, NEP of a background limited spectrometer with warm optical elements at temperature T, emissivity ε, and cold optical elements of transmission τ (emissivity 0) and DQE η, is given by,
Where t int is the integration time, h is Planck's constant, υ is the frequency, Δυ = υ/R is the detection bandwidth, AΩ/λ 2 is the number of photon modes, ñ = 1(exp(hυ/kT)-1) is the mode occupation number. The factor of 2 accounts for detecting both polarizations of light. The noise equivalent flux, NEF, is then NEF = 2·NEP/(A·η·τ·t w ), where the factor of 2 is due to chopping loss, and t w is the warm transmission of the system. If at the front of the dewar the warm transmission is just t w = η window , the transmission of the polyethylene window (92%). When considering an astronomical source, t w also includes the sky and telescope efficiencies, η sky (λ) and η tel (λ), as well as for point sources, the coupling to a pixel, η pix (λ).
Using equation 1 above, the expected point source sensitive for ZEUS-2 on CSO and APEX are listed for the band centers in Table 2 and plotted at all wavelengths in Figure 12 . The current ZEUS sensitivities and the preflight sensitivity estimate for the Herschel instruments are also plotted. Because ZEUS-2 will be fully background limited and will have 1.28× better DQE, it is expected to be ~1.35 and 1.6 times more sensitive than ZEUS at 350 and 450 µm bands. respectively when the effects of the background are included (a 60% emissive, 270 K blackbody). 19, 20 Given its better sensitivity, we expect ZEUS-2 to be better than 3 and 5 times more sensitive than the best ground based heterodyne systems.
SUMMARY
The goal of ZEUS-2 is to study the star formation history of the universe from just a few billion years after the big bang to the present epoch. Building on the work of ZEUS, we will (1) investigate star formation from z ~ 0.25 to 5 by measuring the redshifted fine-structure lines of distant galaxies, (2) measure redshifts from optically obscured galaxies by detecting the bright 158 µm [CII] line, and (3) investigate the properties of nearby starburst and ultra-luminous galaxies through their submillimeter fine structure and CO rotational lines. ZEUS-2 is an ideal instrument for this work as the moderate resolution (R~1000) of the long slit echelle grating spectrometer is optimal for detection of faint, broad lines from distant galaxies. Using three state-of-the-art TES bolometer arrays that are tuned for optimal efficiencies at 215, 400, and 625 microns, ZEUS-2 achieves sensitivities that are unparalleled from ground our space. When complete, ZEUS-2 will be able to obtain spectrum from up to nine spatial positions on the sky and have access to seven different bands between 200 and 850 microns allowing ZEUS-2 to excel at both mapping of nearby systems, and redshift searches of distant sources.
At present we successfully tested an engineering-grade 400 µm array in the lab at the telescope. We are currently integrating our 400 µm science-grade array in the instrument and will have a fully working Array 1 by the middle of Summer 2012. In early fall 2012 we will install our first engineering-grade Array 2/3 into the instrument in preparation for our first observing run to APEX in October 2012. /m 2 ) (5σ, 4 hours) for ZEUS-2 on APEX and on CSO. We use telluric transmission models with 0.5 mm and 0.72 mm PWV for APEX and CSO (at band center) respectively-appropriate for good submillimeter nights at their sites (APEX windows < 300 μm use 0.2 mm). Also plotted is the sensitivity of ZEUS, the published preflight sensitivities of the 3 spectrometers on the Herschel telescope 16, 17, 18 with HIFI and PACS scaled to the resolving power of ZEUS-2: R = 1000, or Δυ = 300 km s -1 , appropriate for typical extragalactic line widths. ZEUS-2 is ~10 times more sensitive in the primary bands. The echelle orders, and the corresponding [CII] redshift intervals are listed, plus the minimum FIR luminosity galaxy detectable for each band assuming R= 0.1% as we measure for the z ~ 1 -2 galaxies. We use H 0 = 71 km s -1 Mpc -1 , Ω 0 = 1, Ω Λ = 0.7.
